Oxidative stress is a major determinant of mammalian sperm function stimulating lipid peroxidation cascades that culminate in the generation of potentially cytotoxic aldehydes. The aim of this study was to assess the impact of such aldehydes on the functionality of stallion spermatozoa. The impact of exposure to exogenous acrolein (ACR) and 4-hydroxynonenal (4HNE) was manifested in a highly significant dose-and time-dependent increase in mitochondrial reactive oxygen species (ROS), total cellular ROS, a decrease in sperm motility, and a time-dependent increase in lipid peroxidation. Notably, low doses of ACR and 4HNE also caused a significant decrease in zona binding. In contrast, exogenous malondialdehyde, a commonly used marker of oxidative stress, had little impact on the various sperm parameters assessed. In accounting for the negative physiological impact of ACR and 4HNE, it was noted that both aldehydes readily adducted to sperm proteins located predominantly within the head, proximal centriole, and tail. The detoxifying activity of mitochondrial aldehyde dehydrogenase 2 appeared responsible for a lack of adduction in the midpiece; however, this activity was overwhelmed by 24 h of electrophilic aldehyde exposure. Sequencing of the dominant proteins targeted for ACR and 4HNE covalent modification identified heat shock protein 90 alpha (cytosolic) class A member 1 and arylsulfatase A, respectively. These collective findings may prove useful in the identification of diagnostic biomarkers of stallion fertility and resolving the mechanistic basis of sperm dysfunction in this species. Hall et al., 2017, Vol. 96, No. 1 Summary Sentence ALDH2 activity is exacerbated following electrophilic aldehyde exposure, and HSP90AA1 and ARSA are vulnerable sites for adduction.
Introduction
Oxidative stress is due to a fundamental imbalance between the generation of reactive oxygen species (ROS) and the buffering capacity of antioxidant enzymes and free radical scavengers within the cell [1] [2] [3] [4] . In the case of mammalian spermatozoa, this selfperpetuating cascade [5] has been shown to elicit lipid peroxidation and the downstream production of a suite of reactive electrophilic aldehydes, which have the capacity to form covalent adducts with macromolecules such as DNA and protein, ultimately resulting in the perturbation of cell integrity and function [6] [7] [8] [9] . The sperm cell is widely regarded as being unique in its extreme vulnerability to lipid peroxidation, owing to the presence of high levels of polyunsaturated fatty acids (PUFAs) within the plasma membrane [4, 7, [10] [11] [12] [13] , as well as transition metals that perpetuate the oxidative stress cycle by acting as a catalyst for the Fenton reaction [14, 15] .
However, it has recently been demonstrated that the spermatozoa of all mammalian species are not equally susceptible to this form of oxidative insult. Indeed, unlike the spermatozoa of humans and mice, those of the stallion experience high levels of oxidative stress owing to their reliance on oxidative phosphorylation (OXPHOS) for the generation of the majority of their energy demands [16, 17] . In principle, this strategy should exacerbate the oxidative stress cascade and render stallion spermatozoa at increased risk of oxidative lesions. Although it is true that stallion spermatozoa are highly metabolically active and short-lived cells [6, 16] , they nonetheless appear to have co-opted a set of defense mechanisms to counteract the damaging impact of endogenous ROS production. Commonly referred to as ROS homeostasis [18] , defenses against oxidative stress include the relatively high concentrations of antioxidants such as catalase [19] , superoxide dismutase [2, [19] [20] [21] , glutathione [18, [22] [23] [24] [25] , and ergothioneine [26] that are present in stallion semen. Similarly, these cells also draw on mitochondrial aldehyde dehydrogenase 2 (ALDH2) to act as a detoxifier of aldehydes generated either endogenously or exogenously [27] .
The aim of this study was to explore the vulnerability of stallion spermatozoa to the impact of electrophilic aldehydes by comparing the effects of exogenous acrolein (ACR), 4-hydroxynonenal (4HNE), and malondialdehyde (MDA) on stallion sperm functionality. In addition, in view of the emerging importance of ALDH2 in the primary defense of stallion sperm functionality during oxidative stress events, we hypothesized that this enzyme would play a pivotal role in ameliorating the impact of an acute electrophilic aldehyde challenge. Finally, to provide mechanistic insight to account for any loss of function, we also assessed the capacity of these electrophilic aldehydes to form adducts with key functional proteins represented in the stallion sperm proteome [28] , and assessed zona binding competence.
Materials and methods

Experimental design
This study was designed to identify protein targets susceptible to adduction following exposure of stallion spermatozoa to the electrophilic aldehydes ACR, 4HNE, and MDA. Initial experiments focused on the assessment of oxidative stress parameters including mitochondrial ROS, cytosolic ROS, and lipid peroxidation, and consequent changes to motility and vitality at intervals of 3 and 24 h after electrophilic aldehyde exposure. For the purpose of these studies, sperm motility was objectively determined using computer-assisted sperm analysis and the percentage of live cells in a given population (i.e. sperm vitality) was assessed via differential fluorophore labeling, as outlined below. Immunocytochemical analysis revealed a lack of aldehyde adduction at the site of the midpiece, which was further investigated by examining the distribution of ALDH, an enzyme that has previously been implicated in the protection of stallion spermatozoa from oxidative insult by virtue of its ability to metabolize aldehydes as they accumulate within the mitochondria [29] . To examine the potential role of ALDH in the detoxification of electrophilic aldehydes within this cellular domain, its enzymatic activity was inhibited by treating cells with aldehyde dehydrogenase inhibitor 2 (ALDI2) prior to exposure to electrophilic aldehydes.
In view of the ability of ACR or 4HNE treatments to elicit potent oxidative stress responses in stallion spermatozoa, we subsequently undertook immunoblotting and mass spectrometry analyses to identify those proteins targeted for selective adduction by either of these reactive aldehydes. To determine the identity of the prominent targets for ACR and 4HNE adduction, both the 90 and 60 kDa bands were excised and subjected to nanoliquid chromatography-tandem mass spectrometry (LC-MS/MS) using reversed-phase LC coupled to an electrospray ionization 3D ion trap mass spectrometer interface. The validity of identified protein targets was then established via immunocytochemical and immunoprecipitation (IP) strategies. For this purpose, sperm lysates prepared from ACR-treated stallion spermatozoa were either pulled down with anti-ACR or anti-heat shock protein 90 alpha (cytosolic) class A member 1 (HSP90AA1), and the corresponding eluates assessed for both HSP90AA1 and ACR. Similarly, IP of sperm lysates from 4HNE-treated stallion spermatozoa was either pulled down with anti-4HNE or anti-arylsulfatase A (ARSA), and the corresponding eluates assessed for both ARSA and 4HNE. Furthermore, the identity of ACR and 4HNE adducted proteins led us to investigate whether exposure to these reactive aldehydes could affect sperm-zona binding competence independent of a concomitant reduction in sperm motility. For this purpose, we employed an established heterologous sperm-zona binding assay in which ACR and 4HNE-treated stallion spermatozoa were assessed for their adhesion to bovine oocytes [30] [31] [32] .
Materials
Unless otherwise stated, all chemicals were purchased from SigmaAldrich (Castle Hill, NSW, Australia). A modified Biggers, Whitten, and Whittingham (BWW) medium containing 95 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl 2 ·2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 ·7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 275 μM sodium pyruvate, 3.7 μl/ml 60% sodium lactate syrup, 50 U/ml penicillin, 50 μg/ml streptomycin, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 0.1% (w/v) polyvinyl alcohol, with an osmolarity between 290 and 310 mOsm/kg and a pH of approximately 7.4, was used for stallion sperm incubations throughout this study [33] . For incubation periods exceeding 12 h, BWW was further supplemented with gentamicin at 0.25 mg/ml to restrict the growth of Pseudomonas aeruginosa [34] .
Antibodies
Rabbit polyclonal anti-ACR was obtained from Novus Biologicals (NB200-556; Littleton, CO, USA). Rabbit polyclonal anti-4HNE was obtained from Jomar Diagnostics (HNE11-S; Adelaide, SA, Australia). Mouse polyclonal anti-4HNE (ab48506) and rabbit polyclonal anti-MDA (ab6463) were obtained from Abcam (Melbourne, VIC, Australia). Mouse monoclonal antibody to HSP90AA1 was obtained from BD Transduction Laboratories (H38220; North Ryde, NSW). Rabbit polyclonal antibody to ARSA was obtained from Sigma-Aldrich (HPA005554; Castle Hill).
Animal ethics
Institutional and New South Wales State Government ethical approval was secured for the use of animal materials in this study (#A-2011-122 ). This research was based on multiple donations from three normozoospermic Miniature and Shetland cross stallions of proven fertility.
Preparation of spermatozoa
Stallion spermatozoa were collected using a pony-sized Missouri artificial vagina (Minitube Australia, Ballarat, VIC). Ejaculates were immediately diluted (1:2, semen:extender) with Kenney extender consisting of 272 mM glucose, 24 mg/ml skim milk powder, 1500 U/ml penicillin, and 1.5 mg/ml streptomycin [35] . Equipment and extender were maintained at temperatures between 30
• C and 37
• C for the duration of semen collection and dilution. Extended semen was transported to the laboratory within 1 h of collection in a polystyrene box at room temperature (RT). On arrival at the laboratory, highquality spermatozoa were isolated from extended semen using a discontinuous Percoll gradient (centrifuged at 500 × g for 30 min) as previously described [36] . The isolated sperm pellet was recovered from the base of the 80% fraction of the gradient, resuspended to a volume of 10 ml in BWW medium, and washed via centrifugation at 500 × g for 15 min. Sperm concentration was determined using a NucleoCounter SP-100 (ChemoMetec, Allerod, Denmark) and diluted to a final concentration of 20 × 10 6 spermatozoa/ml in BWW for the duration of the experiments. ACR, 4HNE, and MDA were used to assess the time-dependent (3 and 24 h) and dose-dependent (0, 50, 100, and 200 μM) effects of electrophilic aldehyde exposure on stallion spermatozoa. The doses chosen mirror pathological physiological ranges (30-180 μM ACR, 10 μM-5 mM 4HNE) [37] [38] [39] [40] , and selected time points correspond with previous studies conducted on human spermatozoa [7, 41] . Cells were washed in BWW (100 μl aliquots, 3 min at 500 × g) prior to performing the functional assays described below to remove free aldehydes from solution.
Motility analysis
Sperm motility was objectively determined using computer-assisted sperm analysis (IVOS, Hamilton Thorne, Danvers, MA, USA) employing the following settings: negative phase-contrast optics, recording rate of 60 frames/s, minimum contrast of 70, minimum cell size of four pixels, low size gate of 0.17, high size gate of 2.9, low-intensity gate of 0.6, high-intensity gate of 1.74, nonmotile head size of 10 pixels, nonmotile head intensity of 135, progressive average path velocity (VAP) threshold of 50 μm/s, slow (static) cell VAP threshold of 20 μm/s, slow (static) cell velocity (VSL) threshold of 0 μm/s, and threshold straightness (STR) of 75% [16] . Cells exhibiting a VAP of ≥ 50 μm/s and an STR of ≥ 75% were considered progressive. A minimum of 200 spermatozoa in a minimum of five fields were assessed using 20 μm Leja standard count slides (Gytech, Hawthorn East, VIC) and a stage temperature of 37
• C.
Flow cytometry
Flow cytometry was performed using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with 488 and 635 nm argon ion lasers. Emission measurements were made using 530/30 bandpass (green/FL-1), 585/42 bandpass (red/FL-2), and > 670 longpass (far red/FL-4) filters. Debris was gated out using a forward scatter/side scatter dot plot, and a minimum of 5000 cells were analyzed per sample. The position of the positive controls on the dot plots was used to set the gates between positive and negative populations. All data were analyzed using the CellQuest Pro software (Becton Dickinson). To measure mitochondrial and total cellular ROS, MitoSOX Red (MSR; Thermo Fisher Scientific, Scoresby, VIC) and dihydroethidium (DHE; Thermo Fisher Scientific) were used, respectively, with results reported as the percentage of live, positive cells, as previously described [41, 42] . Briefly, 100 μl of each sperm suspension was incubated at 37
• C for 15 min with respective probes reconstituted according to the manufacturer's instructions at final concentrations of 2 μM MSR or DHE using 0.1 μl/ml green LIVE/DEAD (Thermo Fisher Scientific) as a vitality stain. Following incubation, spermatozoa were centrifuged at 500 × g for 3 min and the pellet was resuspended in BWW for flow cytometric analysis. For both MSR and DHE assessments, an unstained control, a MSR or DHE-positive control (using a final concentration of 25 μM arachidonic acid added at the same time as the probe), and a snap-frozen LIVE/DEAD positive control were included in each replicate [41, 43] . To measure lipid peroxidation, spermatozoa were preloaded with 5 μM BODIPY C11 (Thermo Fisher Scientific) for 30 min at 37
• C, as described previously [14] . Sperm were washed with BWW (500 × g for 3 min), resuspended in BWW, and treated with respective aldehydes. At 3 and 24 h time points, these cells were washed to remove unbound aldehydes and were incubated with 0.1 μl/ml far red LIVE/DEAD vitality stain (Thermo Fisher Scientific) with live cells being gated for BODIPY C11 analysis. Cells were categorized as having a positive or negative BODIPY C11 signal, with the gate between high and low lipid peroxidation being determined using an 80 μM ferrous sulfate positive control (added 1 h prior to flow cytometric analysis) [43] . Positive control (Pos) generated by exposing the same populations of spermatozoa to arachidonic acid (50 μM). Data correspond to mean values ± SEM; n = 9 independent ejaculates. * P < 0.05, * * P < 0.01, * * * P < 0.001 for differences compared with untreated control sample.
Immunocytochemistry
To assess aldehyde surface labeling, live spermatozoa were incubated in a 1:50 dilution of anti-ACR antibody, anti-4HNE antibody, or anti-MDA antibody in BWW in the dark for 30 min at 37
• C. Cells were washed three times in BWW and incubated with goat-antirabbit Alexa Fluor 488 secondary antibody (1:400) in the dark for 15 min at 37
• C. Secondary antibody only controls were used to monitor nonspecific binding, and Hoechst 33258 was used as a vitality stain (1:1000).
Measurement of ALDH2 activity
ALDH2 activity was assessed in all 50 μM aldehyde treatments using the Aldefluor assay kit (StemCell Technologies, Tullamarine, VIC). Live spermatozoa were centrifuged at 500 × g for 3 min and washed in BWW, then resuspended in Aldefluor buffer containing 5 μl/ml activated Aldefluor reagent for 30 min at 37
• C as per the manufacturer's instructions. To assess aldehyde localization following the inhibition of ALDH, cells were incubated in 10 μM ALDI2 [44] for 10 min before being exposed to the respective 50 μM aldehyde treatments. Spermatozoa were then centrifuged, washed, and incubated in Aldefluor buffer for 30 min at 37
• C, as mentioned previously.
An ALDI2-treated (ALDH inhibited) sperm sample that was not exposed to any aldehydes was also stained with Aldefluor reagent and this acted as the negative control. Following staining, spermatozoa were centrifuged at 500 × g for 3 min and washed three times in Aldefluor buffer and mounted on slides for imaging.
To compare 3 and 24 h time points, and for colocalization imaging, spermatozoa were centrifuged at 500 × g for 3 min, washed three times in BWW, and fixed with 2% paraformaldehyde in phosphatebuffered saline for 5 min at 4
• C. Cells were then washed three times in 0.1 M glycine in PBS. Cells were permeabilized for 5 min at 4
• C in solution consisting of 3.5 mM sodium citrate and 0.1% Triton X-100 in PBS. Cells were then centrifuged at 500 × g for 3 min and washed three times in PBS. Spermatozoa were blocked in 3% bovine serum albumin (BSA)/10% goat serum in PBS for 1 h at RT, and primary antibodies against each aldehyde or protein (1:50) applied in 1% BSA in PBS overnight at RT. Cells were washed three times in PBS and centrifuged at 500 × g for 3 min and secondary antibodies (anti-mouse, anti-rabbit; 1:200) applied in 1% BSA in PBS for 1 h at RT. Finally, cells were centrifuged at 500 × g for 3 min and washed three times in PBS. Cells were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI), washed, and mounted. Images were captured on an Axio Imager A1 fluorescence microscope (Zeiss, North Ryde, NSW) using cellSens Standard imaging software (Olympus, Notting Hill, VIC).
Gel electrophoresis and immunoblotting
Cell lysates were prepared from sperm pellets (∼ 50 × 10 6 spermatozoa) following treatment with each aldehyde (50 μM, 3 h incubation at 37
• C) by resuspending pellets in 50 μl 10 mM CHAPS lysis buffer with the addition of protease inhibitors (Roche Diagnostics, Castle Hill, NSW) for 1 h at 4
• C with constant rotation and vortexing every 10 min. The cell suspension was then centrifuged at 14,000 × g Positive control (Pos) generated by exposing the same populations of spermatozoa to arachidonic acid (50 μM). Data correspond to mean values ± SEM; n = 9 independent ejaculates. * P < 0.05, * * P < 0.01, * * * P < 0.001 for differences compared with untreated control sample.
for 15 min at 4
• C. The supernatant containing the soluble lysate was quantified using a DC protein assay kit (Bio-Rad, Hercules, CA, USA) on a SPECTROstar nano (BMG Labtech, Ortenberg, Germany) and stored at -20
• C for up to 1 month until required for western blotting. Protein extracted from spermatozoa was denatured with sodium dodecyl sulfate (SDS) loading buffer (0.2% SDS, 50% 0.375 M Tris, 10% sucrose, 4% β-mercaptoethanol, and 0.001% bromophenol blue) for 10 min at 100
• C, prior to being loaded onto a 4%-20% gradient SDS precast polyacrylamide gel (SDS-PAGE; NuSep, Homebush, NSW) and separated by electrophoresis at 110 V for 1.5 h. Proteins were then transferred onto 0.45 μM nitrocellulose membrane (Thermo Fisher Scientific) using standard western blot transfer techniques [45] . Nitrocellulose membranes were blocked in 5% skim milk in Tris buffered saline (TBS; 0.02 M Tris and 0.15 M NaCl) containing 0.1% Tween (TBST) at RT for 1 h prior to incubation with the appropriate antibody; anti-ACR, anti-4HNE, and anti-MDA (1:500) in 1% skim milk in TBST.
Immunoblots remained in primary antibody solution overnight at 4
• C and were washed three times in TBST before 1 h incubation in goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (HRP; 1:1000 in 1% skim milk in TBST). Nitrocellulose membranes were developed using an enhanced chemiluminescence kit (GE Healthcare, Silverwater, NSW) according to the manufacturer's instructions. Blots were stripped and probed with secondary HRP only to ensure blots were clean prior to commencing a new immunoblotting protocol.
Mass spectrometry
To identify the proteins labeled via immunoblotting, an LC-MS technique was used. Briefly, peptides generated through tryptic digestion [46] were separated by reversed-phase nano-LC (Dionex Ultimate 3000 RSLCnano, Idstein, Germany) before being sequenced by LC-MS/MS on an electrospray ionization 3D ion trap mass spectrometer (AmaZon ETD, Bruker Daltonik, Bremen, Germany). The raw MS/MS files were converted into MASCOT generic format and imported into Bruker Proteinscape platform for database searching. Searches were performed using in-house licensed MASCOT server (version 2.3.02, Matrix Science, London, UK), against the SwissProt database (mammalian taxonomy) and UniprotKB (Equus caballus). Trypsin was selected as the digestion enzyme with up to two missed cleavages permitted. Carbamidomethylation of cysteine was set as a fixed modification, whereas oxidation of methionine and phosphorylation of serine, threonine, and tyrosine were set as variable modifications. Peptide mass tolerances were set at 1.4 and 0.7 Da for parent and daughter fragment ions, respectively. Peptide thresholds were set requiring a false-positive rate 0.05% and a MASCOT score greater than 40. Those spectra meeting these criteria were validated by manual inspection to ensure accurate y-and b-ion detection with overlapping sequence coverage.
Immunoprecipitation
Immunoprecipitation was performed to identify proteins that were covalently modified following electrophilic aldehyde exposure, as Positive control (Pos) generated by exposing the same populations of spermatozoa to arachidonic acid (50 μM). Data correspond to mean values ± SEM; n = 9 independent ejaculates. * P < 0.05, * * P < 0.01, * * * P < 0.001 for differences compared with untreated control sample.
described previously [47, 48] . Cell lysis was performed on 100 × 10 6 cells from each treatment at 4
• C for 2 h in IP lysis buffer consisting of 10 mM CHAPS, 10 mM HEPES, 137 mM NaCl, and 10% glycerol with protease inhibitors (Roche). Cells were centrifuged at 14,000 × g at 4
• C for 20 min, and the recovered supernatant was added to 50 μl aliquots of washed protein G-conjugated Dynabeads (Thermo Fisher Scientific) to preclear at 4
• C for 1 h under constant rotation. Meanwhile, 10 μg of target antibody was added to protein G-conjugated Dynabeads and incubated at 4
• C for 2 h under constant rotation before undergoing cross-linking using 2 mM 3,3-dithiobis-sulfosuccinimidyl propionate (Thermo Fisher Scientific) as per the manufacturer's instructions. The antibody-bound protein G-conjugated Dynabeads were then resuspended in the total volume of precleared lysate, and co-incubated overnight at 4
• C under constant rotation. Following this, antibody-antigen-bound beads were washed three times in PBS before being resuspended in SDS loading buffer and incubated at 100
• C for 5 min to elute proteins.
The eluted protein was loaded onto a 4%-20% gradient SDS-PAGE gel along with antibody only, bead only, and precleared controls.
Heterologous zona binding assay
The heterologous zona binding assay was performed as described previously [30] [31] [32] . Briefly, bovine ovaries were obtained from a local slaughterhouse and transported to the laboratory at 30
• C in PBS.
Ovaries were washed and the contents of all the follicles aspirated using a 20-gauge needle and 10 ml syringe. Oocytes were allowed to settle in solution and were then manually selected under a dissection microscope, washed, and placed into fresh PBS containing 0.03% hyaluronidase. Cumulus cells were gently removed with a 135 mm denuding pipette (Hunter Scientific, Essex, UK), and zona-intact oocytes were transferred to a high-salt storage solution containing 0.75 M MgCl 2 (H 2 O) 6 , 0.5 M (NH 4 )2SO 4 , 40 mM HEPES buffer, and 0.1 mg/ml PVA, and stored at 4
• C until use.
Salt-stored oocytes were washed three times in PBS and eight oocytes per treatment were placed in droplets of BWW under watersaturated mineral oil at 37
• C in an atmosphere of 5% CO 2: 95% air, and allowed to equilibrate for 30 min. Stallion sperm were collected in noncapacitating (NC) BWW medium (91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 .2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, and 20 mM HEPES buffer with an osmolarity of 300 mOsm/kg) and prepared in the same manner as described above. Spermatozoa were exposed to concentrations of ACR or 4HNE that did not significantly impact motility (5 or 10 μM, respectively) for 3 h at 37
• C, and then washed in NC BWW (3 min at 500 × g). Spermatozoa were capacitated for 4 h in BWW medium supplemented with 3 mM pentoxifylline, 5 mM dibutyryl cyclic adenosine monophosphate, and 0.5 mM methyl-β-cyclodextrin at a concentration of 10 × 10 6 cells/ml [30] . Cells were incubated at 37
• C under an atmosphere of 5% CO 2: 95% air. Noncapacitated cells were incubated for the same period of time in NC BWW. A 2 μl sample of the sperm suspension was added to each droplet of oocytes and co-incubated under the same conditions for a further 30 min. Oocytes were then washed four times by serial aspiration through droplets of BWW to remove any unbound sperm. Oocytes were mounted on glass slides under coverslips suspended at each corner by 80% paraffin wax and 20% Vaseline gel. The number of motile spermatozoa remaining bound to each zona pellucida was counted by examining the oocytes under phase contrast microscopy, and the data are presented as a percentage of the number of spermatozoa bound in the positive control (i.e., capacitated sperm sample).
Statistical analyses
All experiments were replicated at least three times on spermatozoa purified from independent ejaculates from each of the three pony stallions. Prior to analyses, data were checked for normal distribution using the Shapiro-Wilk test for normality in JMP (SAS Institute Inc., NC, USA, version 11.2.0.). Datasets were not normally distributed, and were consequently analyzed with the nonparametric Wilcoxon test before Dunn with control for joint ranks analysis. Differences with P < 0.05 were considered significant. Where n = 9 ejaculates, three semen samples were collected on different days from each of three pony stallions, and in these cases, "stallion ID" was used as a blocking term in the model (random variable).
Results
Electrophilic aldehyde exposure causes motility loss and increases the production of reactive oxygen species in stallion spermatozoa
There was a significant effect of aldehyde treatment on sperm motility (P < 0.0001), with no interaction between dose and time observed for ACR or 4HNE treatments. Stallion spermatozoa incubated with ACR suffered a rapid and complete loss of motility that was evident at the shortest time (3 h) and lowest dose (50 μM) assessed compared with the control (P < 0.0001; Figure 1A ). Motility loss was not associated with a commensurate loss of vitality, which remained consistently high throughout all incubation periods irrespective of ACR concentration ( Figure 1B ). However, motility loss was associated with significant increases in both total cellular (P < 0.0001; Figure 1C ) and mitochondrial ROS production (P < 0.0001; Figure 1D ) compared with the control, which was dose dependent but not time dependent. Thereafter, total cellular and mitochondrial ROS levels appeared to plateau and proved insensitive to subsequent increases in either the concentration of ACR or the duration of exposure to this electrophile. Similarly, stallion spermatozoa exposed to 4HNE exhibited almost a complete loss of motility after 3 h of treatment compared with the control (P < 0.0001; Figure 2A ) without any loss of sperm vitality ( Figure 2B ). 4HNE treatment also significantly increased total cellular ( Figure 2C ) and mitochondrial ROS generation (Figure 2D ) compared with the controls, a result that was dose dependent (P < 0.0001), but not time dependent.
There was no impact on sperm motility following MDA exposure, compared with the control (Figure 3A) . MDA failed to elicit any significant effect on sperm vitality ( Figure 3B ), total cellular ROS ( Figure 3C ), or mitochondrial ROS ( Figure 3D ), even after 24 h of exposure at the highest concentration.
Accumulation of the electrophilic aldehydes acrolein and 4-hydroxynonenal increases lipid peroxidation
Lipid peroxidation was significantly increased after treatment with ACR compared with the control (P < 0.0001; Figure 4A ) which was time dependent but not dose dependent. In comparison, 4HNE treatment resulted in an increased BODIPY C11 signal at a lower dose (P < 0.0001) and earlier time point (P < 0.0001; Figure 4B ). No significant increase in lipid peroxidation was detected in spermatozoa treated with MDA at either time point examined, irrespective of dose ( Figure 4C ).
Electrophilic aldehydes are differentially accumulated in stallion spermatozoa
Immunolabeling of live stallion spermatozoa with anti-ACR, anti-4HNE, and anti-MDA antibodies revealed that each of these aldehydes are differentially adducted to stallion spermatozoa following 3 h exposure (50 μM; Figure 5A ). The most pronounced labeling patterns were observed for ACR and 4HNE, both of which were detected within the postacrosomal region of the head, proximal centriole, and principal piece of the sperm flagellum. Notably, neither aldehyde was detected in the anterior region of the sperm head or within the midpiece. The reason for this lack of aldehyde adduction was further investigated by examining the distribution of ALDH ( Figure 5B ). Treatment with ALDI2 led to a marked accumulation of both ACR and 4HNE immunolabeling within the sperm midpiece, suggesting that the ALDH2 (the ALDH isoform that is localized to the midpiece) [29] activity may, at least in part, account for the protection normally afforded to this critical sperm domain. In contrast to ACR and 4HNE, only relatively modest levels of MDA were able to be detected in stallion spermatozoa following their exposure to this aldehyde. In this regard, weak anti-MDA labeling was observed in the postacrosomal region; however, since both the intensity and pattern of localization resembled that of the secondary antibody only control, this labeling was deemed to be largely nonspecific. Changes to immunolabeling between time points were also observed in fixed and permeabilized ACR-and 4HNE-treated sperm ( Figure 6 ). In comparison to the 3 h time point where no midpiece staining was evident, by 24 h anti-ACR and anti-4HNE antibodies could be visualized at this site, suggesting ALDH2 is exacerbated following aldehydes exposure. Notably, the fixation and permeabilization of these cells also facilitated the identification of an additional site of both ACR and 4HNE adduction located within the anterior region of the sperm head.
Heat shock protein 90AA1 and arylsulfatase A are targets for acrolein and 4-hydroxynonenal electrophilic aldehyde adduction Electrophilic aldehyde-treated sperm lysates were subjected to immunoblotting with the corresponding anti-aldehyde antibody (Figure 7A-C) . This analysis revealed ACR adduction to a predominant protein band of 90 kDa in addition to a number of less intensely labeled bands ranging in molecular weight from ∼30 to 120 kDa. A similar 90 kDa band was also a substrate for 4HNE adduction, although this aldehyde appeared to bind more prominently to a 60 kDa protein. In marked contrast, MDA treatment, which was previously shown to induce negligible lipid peroxidation and ROS generation, also failed to promote the appreciable adduction of any sperm proteins. This finding was also consistent with MDA immunolabeling ( Figure 5A ). Mass spectrometry led to high confidence identification of HSP90AA1 and ARSA as potential targets for adduction by ACR or 4HNE. Two strategies were subsequently undertaken to confirm the vulnerability of these proteins as targets for adduction.
In the first approach, both HSP90AA1 and ARSA were colocalized with ACR and 4HNE, respectively. In fixed and permeabilized spermatozoa, HSP90AA1 was strongly labeled within the postacrosomal region of the head, midpiece, and principle piece of the sperm tail ( Figure 7D ). In comparison, ARSA was localized throughout the entire sperm head, proximal centriole, midpiece, and tail ( Figure 7E) . In each instance, protein labeling colocalized to regions in which ACR and 4HNE preferentially accumulate. We next conducted reciprocal pull downs to confirm aldehyde adduction of these proteins in treated spermatozoa ( Figure 8A and B) . These data confirm that HSP90AA1 and ARSA are indeed targeted for adduction by electrophilic aldehydes in stallion spermatozoa experiencing oxidative stress.
Zona pellucida binding competence is decreased after treatment with low dose acrolein and 4-hydroxynonenal Spermatozoa were treated with low levels of ACR and 4HNE to determine a dose at which motility was not significantly impacted ( Figure 9A and B) . These doses were then used to examine the impact of ACR and 4HNE on zona pellucida binding competence. A significantly higher number of spermatozoa was able to bind to the zona pellucida following capacitation compared with spermatozoa incubated under NC conditions (13.77 ± 1.56% of the control; P < 0.0001; Figure 9C ). Despite comparable levels of motility between untreated and treated samples, spermatozoa treated with low levels of ACR and 4HNE prior to capacitation had significantly lower zona binding competence compared with the capacitated control (10.53 ± 1.61% and 5.75 ± 2.39% of the control, respectively; P < 0.0001).
Discussion
Because of a dependence on OXPHOS for ATP production [16] and an abundance of PUFAs in their plasma membrane [4, 7, 49] , stallion spermatozoa appear to have coopted detoxification strategies that enable enhanced resistance to oxidative stress compared with the spermatozoa of other well-studied mammalian species. Notwithstanding such adaptations, this study has revealed that stallion spermatozoa remain particularly susceptible to oxidative adducts that are formed upon exposure of the cells to intermediate products of the oxidative stress cascade, such as ACR and 4HNE. Thus, ACR and 4HNE exposure elicited a higher degree of acute motility loss, superoxide production, and lipid peroxidation than previously reported following equivalent treatment of human spermatozoa [6, 41, 43] . In this study, motility loss and ROS generation preceded lipid peroxidation, which may reflect the disruption of mitochondrial function accompanied by electron leakage to oxygen, a phenomenon that has been previously reported following exposure to reactive aldehydes [7, 48, 49] . Despite the different rates at which spermatozoa succumb to oxidative insult, the impact of ACR and 4HNE exposure on stallion and human sperm function is remarkably similar. Such findings serve to reinforce the unique vulnerability of the male germ cell to oxidative attack resulting from the adduction of key proteins, including the antioxidants glutathione [50] and ALDH [51] . A clear difference exists between the localization of aldehyde adducts in horse and human spermatozoa [41, 43] , suggesting possible differences between these two species in the nature of the target proteins. The proximal centriole was a target for adduction by ACR and 4HNE, likely due to its positive charge. Importantly, the proximal centriole regulates cell division and adduction can result in abnormal cleavage and fertilization failure [52] . In human spermatozoa, electrophilic aldehydes bind primarily to the mitochondria and the major protein adducted by 4HNE was shown to be of mitochondrial origin (succinic acid dehydrogenase) [7, 41] . In contrast, adducts were notably absent from the mitochondria of stallion spermatozoa following 3 h aldehyde treatment. Such differences may, however, simply be a function of the duration of exposure. In the short term, ALDH2 in the mitochondria protects these organelles from aldehyde attack. Thus, ALDH2 is localized to the mitochondria of the sperm midpiece, while the exclusion of ACR and 4HNE binding to this region of the cell suggests that this enzyme is able to metabolize electrophilic aldehydes to their respective carboxylic acids before they have the opportunity to form adducts with proteins essential for normal cellular function (Figure 10 ). However, it is likely this mechanism is short lived because the aldehydes metabolized by this enzyme can form a Michael adduct or Schiff base with a key cysteine at the catalytic site of the enzyme [29, 51] . Once ALDH2 activity has been exhausted, vulnerable proteins, particularly those in the mitochondria themselves, can subsequently be adducted, demonstrated by intense aldehyde staining patterns throughout the cell, including the midpiece region [29] . This conclusion was reinforced by treating spermatozoa with the ALDH inhibitor, ALDI2, which led to mitochondrial aldehyde adduction in the absence of ALDH activity (Figure 5 ). This subcellular staining was mirrored after 24 h incubation with both ACR and 4HNE (in the absence of ALDI2 treatment), indicating that after 24 h incubation with these electrophiles, ALDH2 activity is lost ( Figure 6 ). While ALDH2 appears to play a vital role in the detoxification of aldehydes in stallion spermatozoa, other enzymes, particularly glutathione-S-transferases and glutathione peroxidase [18, 53, 54] , provide additional aldehyde detoxification roles [49, 55, 56] . In addition to binding aldehydes through cysteine residues and redirecting them out of the cell, glutathione-S-transferases protect protein thiol groups which are known to be essential for sperm survival [49, [56] [57] [58] . Indeed, a recent study in stallion spermatozoa revealed that both ALDH2 and glutathione-S-transferase activity reduced levels of ROS produced by the mitochondria. Nonetheless, ALDH2 activity alone was of greater benefit than glutathione [29] . Interestingly, ALDH2 also plays an important role in spermatogenesis, during retinoic acid biosynthesis. In a study by Amory [59] , infertile men exhibited lower levels of ALDH2 in testicular tissue, reinforcing the importance of ALDH2 in sperm metabolism, and opening up new possibilities for contraceptive development.
Aside from ALDH2, HSP90AA1 and ARSA were also identified as substrates for ACR and 4HNE adduction, through the ability of these powerful electrophiles to covalently modify cysteine, lysine, or histidine residues on key proteins [60] . HSP90 has been investigated for its role in human infertility [61] and has previously been shown to play a crucial role in the motility of boar sperm [48] . In a study by Carbone et al. [62] , HSP90 was modified and inactivated by reactive aldehydes. In comparison, ARSA is a zona pellucida receptor molecule expressed on the surface of spermatozoa [63] which has also been hypothesized to be an important mediator in spermegg recognition in horses [64] . Both proteins are essential for cellular function, and consequently have the capacity to impede normal sperm function when targeted by lipid aldehydes [41, 43] . In this study, low levels of ACR and 4HNE were sufficient in significantly decreasing zona binding competence (Figure 9 ), reinforcing the aptitude of electrophilic aldehydes for targeting proteins with important function [38] .
There is a paucity of literature characterizing sperm proteins spontaneously adducted by ACR; however, proteins covalently modified by 4HNE have been widely examined as the aldehyde has Figure 9 . Total and progressive motility following a low dose-dependent exposure to A) ACR and B) 4HNE at 37
• C for 3 h. C) Zona binding competence following exposure to 5 μM ACR and 10 μM 4HNE. Data correspond to mean values ± SEM; n = 3 independent ejaculates. * P < 0.05, * * P < 0.01, * * * P < 0.001 for differences compared with untreated control sample.
proven cytotoxicity [41] and is the most abundant aldehyde produced following lipoperoxidative damage [38, 65, 66] . The modification of mitochondrial electron transport chain proteins by 4HNE has been well described, a phenomenon which results in electron leakage and superoxide production by the mitochondria [6, 43] , along with irreversible damage to the molecular chaperones essential for sperm-egg recognition [67] . Target substrates in human spermatozoa include succinic acid dehydrogenase [43] , HSP70 [43] , HSPA2 [67] , and dynein heavy chain [68] . Consistent with our findings in stallion spermatozoa, 4HNE adduction of HSPA2 in human spermatozoa led to the perturbation of ARSA expression due to its role within the HSPA2/ARSA/SPAM1 protein complex [67] . As regulation of this protein complex is necessary for sperm-egg recognition, modification of such an important protein renders the cell incapable of fertilization. Although the degree of similarity that exists between the protein complexes in human and stallion spermatozoa is not known, our findings suggest that lipid aldehydes might trigger similar pathophysiological mechanisms across a range of species. Historically, MDA has played an important role as a marker for oxidative stress [15, 38, [69] [70] [71] [72] , as it is a product of lipid peroxidation under normal physiological conditions. However, in this study, there was no evidence of ROS generation, lipid peroxidation, or protein adduction following treatment with MDA. This follows on from previous findings reporting MDA as less reactive than 4HNE and ACR [30, 32] . Indeed, exposure to MDA showed no pertinent increases in ROS or lipid peroxidation of human spermatozoa and as such was determined to be relatively noncytotoxic [41] . These findings suggest that while MDA is a suitable biomarker of lipoperoxidative damage, it makes little direct contribution to the loss of sperm function observed following the induction of oxidative stress.
Initial findings suggested that the impact of ACR and 4HNE exposure had similar impacts on stallion spermatozoa; however, when Figure 10 . Accumulation of electrophilic aldehydes and the role of ALDH2 in the oxidative stress pathway. Normal stallion sperm metabolism (OXPHOS) results in the formation of ROS, leading to covalent lipid adduct formation and peroxidation, and the generation of electrophilic aldehydes. This process is exacerbated when stallion spermatozoa are incubated with aldehydes such as ACR and 4HNE. ALDH2 facilitates the removal of aldehydes from the mitochondria as they accumulate, via a step-by-step detoxification process; however, this mechanism is short lived. ACR and 4HNE bind to the cysteine residues of HSP90AA1 and ARSA, respectively, forming protein adducts. HSP90AA1 and ARSA proteins are covalently modified.
investigated at lower doses, ACR treatment led to a significant decrease in zona binding competence at half the dose of 4HNE, suggesting a higher level of cytotoxicity. This is supported by previous studies [41, 50] regarding ACR as the strongest electrophile with the highest reactivity to proteins. Studies by Moazamian et al. [41] in human sperm reported that reactivity to glutathione by ACR was a log order more reactive than 4HNE. A varied response of 4HNE production exists during oxidative insult, estimated between 10 μM and 5 mM [38] , whereas ACR production is estimated to occur between 30 and 180 μM [37, 39, 40] and is able to exert similar impacts. It would be useful to investigate the abundance of ACR in comparison to 4HNE under normal physiological conditions in stallion spermatozoa to allow further insight into the oxidative stress challenge. A secondary explanation for stallion spermatozoa's sensitivity to low levels of electrophilic aldehydes may be the lack of environmental exposure to toxins such as cigarette smoke and pesticides compared with humans.
A delicate balance clearly exists between ROS produced during normal OXPHOS metabolism and downstream production of electrophilic aldehydes which impair protein function and contribute to an oxidative stress cascade [2] . In this study, the exposure of stallion spermatozoa to the electrophilic aldehydes ACR and 4HNE induced protein adducts, leading to increased ROS generation, increased lipid peroxidation, and a loss of motility. Conversely, MDA exposure had little impact on cell function. Aldehyde localization revealed that ALDH2 may be responsible for acutely rescuing mitochondrial proteins susceptible to adduction by ACR and 4HNE; however, ALDH2 activity is short lived when cells are subjected to extended aldehyde exposure. Our findings also reveal the disruption of functional sperm proteins, HSP90AA1 and ARSA, and a decrease in zona binding competence. Future work will focus on refining our analysis of the functional implications of electrophilic aldehydes and oxidative stress on stallion spermatozoa and determining whether this information can be exploited for the development of diagnostic markers of stallion fertility.
